Plant cells are encased by a cellulose-containing wall that is essential for plant morphogenesis. Cellulose consists of b-1,4-linked glucan chains assembled into paracrystalline microfibrils that are synthesized by plasma membrane-located cellulose synthase (CESA) complexes. Associations with hemicelluloses are important for microfibril spacing and for maintaining cell wall tensile strength. Several components associated with cellulose synthesis have been identified; however, the biological functions for many of them remain elusive. We show that the chitinase-like (CTL) proteins, CTL1/ POM1 and CTL2, are functionally equivalent, affect cellulose biosynthesis, and are likely to play a key role in establishing interactions between cellulose microfibrils and hemicelluloses. CTL1/POM1 coincided with CESAs in the endomembrane system and was secreted to the apoplast. The movement of CESAs was compromised in ctl1/pom1 mutant seedlings, and the cellulose content and xyloglucan structures were altered. X-ray analysis revealed reduced crystalline cellulose content in ctl1 ctl2 double mutants, suggesting that the CTLs cooperatively affect assembly of the glucan chains, which may affect interactions between hemicelluloses and cellulose. Consistent with this hypothesis, both CTLs bound glucan-based polymers in vitro. We propose that the apoplastic CTLs regulate cellulose assembly and interaction with hemicelluloses via binding to emerging cellulose microfibrils.
INTRODUCTION
Plant cells are surrounded by a cell wall, which consists of a complex polysaccharide matrix. This structure is essential for plant morphogenesis, cell expansion and differentiation, intercellular communication, water movement, and responses to certain external stimuli Baskin, 2005; Somerville, 2006; Tsukaya and Beemster, 2006) . Two main types of cell walls can be distinguished: the primary and the secondary cell wall. In both of these walls, mechanical strength is provided by cellulose microfibrils, consisting of hydrogen-bonded linear b-1,4-glucan chains, synthesized by cellulose synthase (CESA) complexes at the plasma membrane (Kimura et al., 1999) . Mutant analyses and immunoprecipitation suggest that two triplexes of CESA proteins (CESA1, 3, and the 6-like CESAs as well as CESA4, 7, and 8) are necessary for cellulose synthesis during primary and secondary wall formation, respectively, in Arabidopsis thaliana (Taylor et al., 2000 (Taylor et al., , 2003 Desprez et al., 2007; Persson et al., 2007b) . The CESA complexes (CSCs) are presumed to be assembled in Golgi bodies and transported to the plasma membrane where they are guided by cortical microtubules during cellulose synthesis (Haigler and Brown, 1986; Paredez et al., 2006) . Once they are inserted in the plasma membrane, the CSCs move at constant rates, which may be reduced in mutants impaired in cellulose synthesis (Paredez et al., 2006 (Paredez et al., , 2008 . A population of small post-Golgi CESA compartments, called microtubule-associated cellulose synthase compartments (MASCs; Crowell et al., 2009 )/small CESA compartments (SmaCCs; Gutierrez et al., 2009) , may regulate the insertion and internalization of CESAs at the plasma membrane (Crowell et al., 2009; Gutierrez et al., 2009) .
After the unbranched b-1,4-glucan chains are extruded, they form microfibrils through inter-and intramolecular hydrogen bonds and Van der Waals forces. These interactions are not constant along the fibrils, leading to crystalline fibrils interspersed by amorphous zones, in which hemicelluloses, mainly xyloglucans (XGs) in dicot plants, become entrapped (Pauly et al., 1999a; Cosgrove, 2005) . XGs can influence the structure of cellulose crystals (Whitney et al., 1995) , and low levels of cellulose crystallinity lead to increased XG binding capacity (Chambat et al., 2005) . In addition, XGs can be associated with cellulose microfibrils via hydrogen bonds (Hayashi, 1989; Pauly et al., 1999a) .
The cellulose-hemicellulose network is crucial for maintenance of wall mechanical strength and for cell expansion (Fry, 1995; Cosgrove, 1997 Cosgrove, , 2000 Nishitani, 1998) . Currently, three classes of proteins are known to affect cellulose-XG associations. Endoglucanases (Kaku et al., 2002) and XG endotransglycosylases (Fry, 1995) play key roles in wall expansion by modification of the primary XG structure, which affects interactions between XGs and cellulose fibrils. The third group of proteins, the expansins, can induce wall expansion by loosening hydrogen bonds at the XG-cellulose interface (Yuan et al., 2001; Marga et al., 2005) . The cellulose crystalline/amorphous ratio also influences in muro interaction between XGs and cellulose (Hanus and Mazeau, 2006) . Only one protein has been reported to alter that ratio; KORRIGAN (KOR), a membrane-bound b-1,4-glucanase, which increases the amount of noncrystalline cellulose (Nicol et al., 1998; Takahashi et al., 2009 ). The kor1/lion's tail1 mutant was initially isolated in a screen for mutants with anisotropic growth defects (Nicol et al., 1998) . Many other cellulosedeficient mutants with elongation defects, such as cobra (Hauser et al., 1995; Schindelman et al., 2001; Roudier et al., 2005) , impaired in a glycosyl-phosphatidylinositol-anchored protein; kobito/elongation defective1, affecting a protein of unknown function (Pagant et al., 2002; Lertpiriyapong and Sung, 2003) ; and chitinase-like1 (ctl1)/ pom-pom1 (pom1)/ectopic deposition of lignin in pith1 (elp1), which corresponds to a putative chitinase-like protein (Hauser et al., 1995; Zhong et al., 2000; Zhong et al., 2002) , have been identified. Although it appears unlikely that all of these components are parts of the core cellulose synthesis machinery, it is evident that they execute functions that are important for cellulose synthesis.
The role of CTL1, and its close homolog CTL2, in cell wall biosynthesis is especially intriguing since associations between CTLs and primary or secondary cell wall synthesis have been reported in different plant species (Zhang et al., 2004) . However, the biological function of the CTLs remains elusive. Mutations in CTL1/POM1 cause abnormal root swelling, ethylene overproduction, reduced tolerance to abiotic stresses, and ectopic deposition of lignin in Arabidopsis (Hauser et al., 1995; Schneider et al., 1997; Reed et al., 1998; Cary et al., 2001; Zhong et al., 2002; Rogers et al., 2005; Kwon et al., 2007; Hermans et al., 2010) . In addition, cell walls of ctl1/pom1 mutants have an infrared spectrum that closely resembles cellulose-deficient mutants (Mouille et al., 2003) . We show that mutations in CTL1/ POM1 result in reduced velocities of plasma membrane-localized CSCs and that the CTL1/POM1 protein resides in the endomembrane system, is secreted to the apoplast, and colocalizes with a subpopulation of tethered MASCs/SmaCCs (Crowell et al., 2009; Gutierrez et al., 2009 ). Biochemical and nanostructural analyses revealed that the CTLs can bind glucans and that mutations in the CTLs change the crystalline cellulose content in the cell wall. These data suggest that the CTLs act as protein or carbohydrate scaffolds, which promote the interaction between glucan fibrils and therefore influence the cellulose-hemicellulose network.
RESULTS

CTL1 Affects Primary Wall Cellulose Deposition
CTL1 is coexpressed with the primary cell wall CESAs (see Supplemental Figure 1A online; Persson et al., 2005) . We confirmed this by transforming plants with a b-glucuronidase (GUS) reporter gene under the control of a 1.4-kb CTL1 promoter. Strong GUS activity was observed in seedlings and mature roots, rosette leaves, various floral tissues, and siliques (see Supplemental Figures 1B to 1G online; Hossain et al., 2010) . Rapidly elongating cells in etiolated seedlings also exhibited strong GUS activity (see Supplemental Figures 1K and 1O online) . Consistent with the coexpression analysis, the CTL1 promoter is active in the same organs and developmental stages as the primary wall CESAs (see Supplemental Figures 1G to 1R online).
The coexpression of CTL1 and the primary wall CESAs, and the phenotypic characteristics of ctl1 mutants (Hauser et al., 1995; Zhong et al., 2002) , suggest a role for CTL1 in primary wall cellulose synthesis. To corroborate this, we tested the sensitivity of a homozygous T-DNA insertion mutant, ctl1-1, to low levels of the cellulose inhibitor and herbicide isoxaben (Scheible et al., 2001 ). On normal growth medium, ctl1 seedlings exhibited reduced root growth (see Supplemental Figure 2C online; Hauser et al., 1995; Zhong et al., 2002) . However, when grown on plates containing moderate levels of isoxaben (1.5 nM), which cause only minor growth phenotypes for wild-type seedlings, ctl1 mutant displayed severe root growth retardation, epidermal cell swelling, and a strong increase in lignin deposition (see Supplemental Figures 2A to 2F and 3B online). The ectopic lignification was similar to that of isoxaben-treated prc1-1 seedlings (see Supplemental Figures 2A to 2F online), a CESA6 mutant affecting primary wall cellulose synthesis (Fagard et al., 2000) . The increased sensitivity of ctl1 to isoxaben supports a function for CTL1 in primary wall cellulose synthesis.
Due to functional redundancies of the CESA6-related position in the CSC, prc1-1 only displays modest phenotypes (Persson et al., 2007a) . If CTL1 generally affects primary wall cellulose deposition, we would therefore expect the ctl1-1 mutant to have an additive phenotype when crossed to prc1-1. To test this, we made reciprocal crosses between prc1-1 and ctl1-1 and analyzed the homozygous progeny. The full-grown homozygous ctl1-1 prc1-1 double mutant plants were severely dwarfed and had reduced seed production, consistent with an additive behavior (see Supplemental Figure 2H online). In addition, seedlings of ctl1-1 prc1-1 double mutants developed dramatically short and swollen roots (see Supplemental Figure 2G online; Hauser et al., 1995) . These data support a general role for CTL1 in primary wall cellulose deposition. Similar phenotypes to those described here for ctl1-1 were previously reported for other ctl1 independent alleles, such as pom1 (Hauser et al., 1995) and elp1 (Zhong et al., 2002) , which corroborates that the ctl1-1 T-DNA insertion is the cause of the phenotypes. To confirm this, ctl1-1 was complemented with a CTL1 genomic fragment (including the CTL1 open reading frame and a region 1.5 kb upstream of the predicted start codon). The transformants were indistinguishable from wild-type plants (see Supplemental Figure 3A online), confirming that the T-DNA insertion in CTL1 caused the phenotypic changes observed in ctl1-1.
Mutations in CTL1 Reduce the Velocity of Primary Wall CSCs
To investigate the role of CTL1 in primary wall cellulose synthesis, a yellow fluorescent protein (YFP)-tagged CESA6 (YFP:A6; Paredez et al., 2006) was crossed into ctl1-1. YFP:A6 labels small punctuate particles organized in linear arrays at the plasma membrane in elongating hypocotyl cells (Paredez et al., 2006) . In these cells, we observed clear differences in CESA particle dynamics between the control and the ctl1-1 mutant in timeaveraged projections ( Figures 1A to 1D ). Whereas the control line held CSCs that moved with constant velocities in parallel arrays at the plasma membrane, the ctl1-1 Y-A6 lines held disorganized arrays of slow, or even stalled, CSCs (cf. kymographs in Figures  1C and 1D ; see Supplemental Movie 1 online). CSCs are guided at the plasma membrane by cortical microtubules (Paredez et al., 2006) . Hence, the disorganized CSCs tracks may be due to defects in microtubule organization. To investigate this, we generated ctl1-1 lines that express the microtubule marker green fluorescent protein:microtubule-associated protein4 (GFP: MAP4; Marc et al., 1998) . We observed a largely transverse to oblique microtubule array in elongating cells in wild-type hypocotyls, consistent with previous observations (Le et al., 2005; Paredez et al., 2006) . However, corresponding cells in the ctl1-1 mutant displayed a less well organized microtubule array (Figures 2A and 2B) . We reasoned that the less well ordered microtubule array in ctl1-1 should make the ctl1-1 mutant more sensitive to the microtubule inhibitor oryzalin. Indeed, ctl1-1 exhibited severe epidermal root cell swelling when grown in the presence of low levels of oryzalin (170 nM), while no apparent cell disturbance was observed in wild-type roots grown under the same conditions ( Figures 2C and 2D ). Interestingly, similar microtubule defects and increased sensitivity to oryzalin have been reported for other cellulose-deficient mutants, such as kor1 (Paredez et al., 2008) . It is plausible that the mainly longitudinal (E) Histogram of particle velocities. Mean (6SD) velocity for each line is given in parentheses. n = 404 particles in 10 cells from nine seedlings analyzed for YFP:A6 in ctl1-1 background. n = 146 particles in four cells from three seedlings quantified for YFP:A6. (F) Cellulose content in 6-d-old etiolated seedlings of the wild type (WT; Col-0) and ctl1-1 mutants. Data represent the average (6SE) of n = 3 biological replicates, each with three technical repetitions. Asterisk indicates significant changes in relative peak intensities (Student's t test; P < 0.05).
CSC tracks observed in ctl1-1 might contribute to the epidermal cell swelling observed in ctl1-1. Nevertheless, the CSCs were clearly retarded in the ctl1-1 mutant compared with both elongating and mature wild-type cells, indicative of lower cellulose production. To estimate the overall retardation of the CSCs in the ctl1-1 background, we quantified the velocities of individual complexes by kymographic analyses ( Figure 1E ; Paredez et al., 2006) . In control cells, the 332 6 65 nm/min (n = 146) average velocity of individual complexes was similar to that previously reported (Paredez et al., 2006; Gu et al., 2010) . However, CSCs typically migrated at 144 6 73 nm/min (n = 404) in the ctl1-1 mutant ( Figure 1E ). These data show that CTL1 influences the velocity of the CSCs at the plasma membrane and suggest that the reduced CESA velocity in ctl1-1 is the cause for the reduced cellulose content in ctl1-1 seedlings ( Figure 1F ).
CTL1 Colocalizes with Unknown Golgi-Derived Endomembranes That Move in an Actin-Dependent Manner
To investigate the subcellular localization of CTL1, we fused a GFP tag in frame to the C terminus of a genomic CTL1 fragment under the control of a 35S promoter. This construct rescued the ctl1 phenotypes, including the epidermal cell swelling in hypocotyls in etiolated ctl1 seedlings (see Supplemental Figures 3A to 3D online). Using spinning-disc confocal microscopy, the CTL1 localization was analyzed in elongating epidermal cells of 4-d-old etiolated hypocotyls. CTL1:GFP mainly labeled doughnut-shaped structures, presumably Golgi bodies (Paredez et al., 2006; Figures 3A to 3F ; see Supplemental Movie 2 online). Moreover, a second population of particles was observed and named CTL1v (CTL1 vesicles; Figure 3 ; see Supplemental Movie 2 online). We confirmed (A) Microtubule organization in wild-type (WT) and ctl1-1 etiolated hypocotyls visualized by confocal microscopy using the microtubule marker GFP: MAP4. (B) Quantification of the orientation of microtubules and CSC tracks at the cell cortex and plasma membrane, respectively, of wild-type (white) and ctl1-1 (gray) etiolated hypocotyls. For microtubules, n = 200 in five cells from five seedlings; for CSCs, n = 160 in four cells from four seedlings. The plane perpendicular to the elongating direction is considered as reference (08 to 1808). that these particles were not due to overexpression of CTL1:GFP since CTL1vs were also present in lines expressing a CTL1: mCherryRFP controlled by the CTL1 promoter (see Supplemental Figure 3E online). However, the intensity of the RFP signal in the latter lines was very low; therefore, we used the 35S-driven construct for further analyses. CTL1v displayed erratic movement and behavior (Figure 3 ; see Supplemental Movie 2 online). Some CTLvs appeared to associate and dissociate with Golgi bodies ( Figure 3B ; see Supplemental Movie 2A online), others moved in linear patterns interrupted by short periods of fixed positions ( Figure 3C ; see Supplemental Movie 2B online), and yet others appeared fixed over longer time periods ( Figure 3D ; see Supplemental Movie 2C online). In addition, occasional bifurcation of CTL1v signals was observed suggesting a split of CTL1v into two vesicles ( Figure 3E ; see Supplemental Movie 2D online). In other instances, two CTL1v in close vicinity appeared to fuse ( Figure 3F ; see Supplemental Movie 2E online).
The actin and microtubule cytoskeletons are important for delivery of the primary and secondary wall CESAs to the plasma membrane (Wightman and Turner, 2008; Crowell et al., 2009; Gutierrez et al., 2009) . To elucidate the role of the cytoskeleton in the spatial control of CTL1 trafficking, CTL1:GFP seedlings were treated with oryzalin or the actin disruptor Latrunculin B (LatB). Crowell et al., 2009; Gutierrez et al., 2009) . Moreover, the CTL1v displayed Brownian motion in actin-deficient cells (see Supplemental Movie 3 online), suggesting that both the tentative Golgilocalized CTL1 and the CTL1v need the actin cytoskeleton for motility. The movement of the CTL1v along the actin cytoskeleton was further corroborated by imaging dual-labeled CTL1:GFP and mCherryRFP:FABD (for F-Actin Binding Domain; Ketelaar et al., 2004) seedlings ( Figure 3H ; see Supplemental Movie 4 online) CTL1 Is Secreted to the Apoplast CTL1 harbors a putative N-terminal signal peptide, which suggests that CTL1 enters the secretory pathway (Passarinho and de Vries, 2002; Kwon et al., 2007) . Consistent with this hypothesis, we observed a fluorescent signal in the periphery of the cell in both CTL1:GFP-and CTL1:mCherryRFP-expressing seedlings (Figures 3A and 4A ; see Supplemental Figure 3E online). To resolve whether this signal resides at the plasma membrane or in the apoplast, we plasmolyzed the cells using 0.5 M Suc for 45 min. This treatment resulted in rapid shrinkage of the cytoplasm and revealed that the majority of fluorescence was retained in the constrained cytoplasm ( Figure 4A ), which is consistent with the intracellular labeling of the presumed Golgi bodies and CTL1v ( Figures 3A to 3F ). In addition, fluorescence was clearly visible at the cell wall ( Figure 4A ; Hermans et al., 2011) . To confirm CTL1 secretion, we performed immunoblotting after harvesting apoplastic washing fluid (AWF) from CTL1:GFP seedlings. We could inmunodetect CTL1:GFP in the AWF and the remaining material ( Figures 4B and 4C) . As was expected, none of the controls (i.e., actin and N7-GFP that do not locate to the apoplastic space) were significantly detected in the AWF (Figures 4B and 4C) . These results confirm that CTL1 is indeed secreted to the apoplast and the cell wall matrix.
The CTL1 Vesicles Represent an Unknown Secretory Compartment
The dynamic regulation of the plasma membrane, and the cell wall content, is dependent on the organization of membrane trafficking. To investigate whether the CTL1vs are associated with endo-or exocytosis, we used the lipophilic tracer dye FM4-64. FM4-64 follows the endocytic pathway from the plasma membrane, but longer treatment redistributes the dye to other internal membranes, including Golgi bodies and the prevacuolar compartment (Bolte et al., 2004; Dettmer et al., 2006) . Internalized FM4-64 did not label CTL1v in etiolated hypocotyls during the first 10 min of treatment (Figures 5A and 5C; see Supplemental Movie 5 online; Gutierrez et al., 2009 ). However, after longer incubations (30 min), the FM4-64 dye and CTL1v coincided (Figures 5A and 5C; see Supplemental Movie 5 online), suggesting that CTL1v are exocytosed rather than endocytosed. Interestingly, similar results have been described for tethered SmaCCs (Gutierrez et al., 2009) . Viotti et al. (2010) have recently shown that both secretory and endocytic cargo pass through the trans-Golgi network/early endosome (TGN/EE). The VHA-a1 subunit of the V-ATPase is a marker of one of the TGN/EE pathways (Dettmer et al., 2006) . To investigate whether the CTL1vs are associated with this TGN/EE route, we crossed the CTL1:GFP line with plants expressing a VHA-a1:RFP construct. Interestingly, CTL1v showed no colocalization with VHA-a1 (Figures 5B and 5C; see Supplemental Movie 5 online), indicating that CTL1vs do not pass through the TGN/EE pathway as defined by VHA-a1.
CTL1 Colocalizes with CESAs in Golgi Bodies and Tethered MASCs/SmaCCs
A subfraction of CESAs is associated with particles that move similarly to the CTL1v (i.e., that show alterations in motility by actin-depolymerizing agents) and that are labeled by FM4-64 after long incubations (Crowell et al., 2009; Gutierrez et al., 2009 ). We therefore investigated if the CTL1vs are associated with these CESA-containing vesicles in dual-labeled CTL1:GFP and tdTomato:CESA6 (tdT:A6) seedlings. The fluorescence of CTL1: GFP and tdT:A6 coincided in doughnut-shaped structures (Figure 6A ; see Supplemental Movie 6 online), confirming that CTL1 is present in the Golgi. Interestingly, around 40% of CTL1vs colocalized with a population of MASCs/SmaCCs ( Figure 6B ; see Supplemental Movie 6 online; Crowell et al., 2009; Gutierrez et al., 2009) . The MASCs/SmaCCs have been reported to accumulate at, and tether to, the cell cortex. Upon osmotic stress and treatment with cellulose synthesis inhibitors, such as isoxaben and CGA 325'615, MASCs/SmaCCs display sustained episodes of positional stability. This behavior is concomitant with the disappearance of CSCs from the plasma membrane (Paredez et al., 2006; Crowell et al., 2009; Gutierrez et al., 2009 ). To characterize further CTL1v behavior in response to stresses that cause alterations in MASC/SmaCC behavior, dual-labeled CTL1: GFP tdT:A6 seedlings were treated with mannitol and isoxaben. Both the osmotic and cellulose synthesis inhibitor treatments increased the colocalization of CTL1:GFP and tdT:A6 in the MASCs/SmaCCs to 75% of the total CTL1v (Figures 6A and 6B ; see Supplemental Movie 6 online). Based on these observations, we conclude that CTL1v to a large extent colocalizes with Golgilocalized CESAs and tethered MASCs/SmaCCs. Most of the MASCs/SmaCCs move via microtubules (Crowell et al., 2009; Gutierrez et al., 2009 ), but disruption of the microtubule array by oryzalin treatment did not alter CTL1v movement ( Figure 3G ; see Supplemental Movie 3 online). To solve this apparent contradiction, we incubated CTL1:GFP tdT:A6 dual-labeled seedlings with oryzalin. As expected, the majority of MASCs/SmaCCs were immobile and none of them contained CTL1:GFP signal. In addition, another population of tdT:A6-containing vesicles maintained their motility and the majority of them colocalized with CTL1v (see Supplemental Figure 4 and Supplemental Movie 7 online). These data support previous results suggesting that a subpopulation of CesA3-containing vesicles move via actin filaments (Crowell et al., 2009 ). Moreover, we show that CTL1vs colocalize with CSC small actin-based vesicles.
CTL1 and Its Close Homolog CTL2 Are Functionally Equivalent and Are Not Essential for Cellulose Biosynthesis
CTL1 has only one close homolog, CTL2, which is coexpressed with the secondary wall CESAs (Persson et al., 2005) . The public transcriptome data indicate that CTL2 is mainly expressed in stems and siliques (http://genecat.mpg.de; Mutwil et al., 2008) . These data show that CTLs are likely to have a pairwise relationship with the primary and secondary wall CESAs, respectively. A similar relationship is also evident in other plant species, both in monocots and dicots, where different CTL homologs are coexpressed with the primary wall and secondary wall CESAs, respectively (see Supplemental Table 1 online) . This indicates an important evolutionarily conserved role for the CTLs during primary and secondary wall cellulose production.
To remove completely any residual CTL activity, we generated double mutants between ctl1-1 and ctl2-1 (see Supplemental Figure 5 online). The ctl1-1 ctl2-1 (ctl1 ctl2) double mutant displayed subtle additive growth phenotypes compared with the single mutant parent lines, such as slight growth retardation of seedling hypocotyls and of root growth (see Supplemental
Figures 5B and 5C online; Hossain et al., 2010) . In addition, the double mutant held reduced levels of cellulose and displayed a concomitant increase in uronic acids compared with the single mutants (see Supplemental Figure 5D online). These data suggest that CTL activity is not essential for cellulose production, since complete block of primary wall cellulose synthesis results in collapsed pollen grains (Persson et al., 2007a) , which was not observed in the ctl1 ctl2 double mutants.
Given that CTL1 and CTL2 are coexpressed with primary and secondary wall CESAs, respectively, it appears likely that the respective proteins perform related functions in different tissue and cell types. To test this hypothesis, ctl1-1 was transformed with a CTL2 genomic clone under the control of the 1.4-kb CTL1 promoter. The construct completely restored the ctl1-1 phenotypes (Figure 7 ), which demonstrates that CTL1 and CTL2 are functionally equivalent.
CTL1 and CTL2 Bind Glucan-Containing Polymers
The CTLs are named based on their amino acid sequence similarity to known chitinases or GH19 glycosyl hydrolases (Graham and Sticklen, 1994) . However, CTL1 and CTL2 lack amino acids that are important for chitin binding and catalytic activity (Zhang et al., 2004) .
To investigate whether the CTLs can bind carbohydrate-based polymers, we expressed the proteins fused to C-terminal MYCand His-tags in Pichia pastoris. The expression was confirmed by dot blotting using an anti-MYC antibody (Bauer et al., 2006) and by subsequent protein gel blots. The two affinity-purified recombinant proteins were assayed for binding activity with dark-grown Columbia-0 (Col-0) Arabidopsis seedling cell wall fractions (containing mainly XG as hemicellulose) and various oligosaccharides (see Supplemental Table 2 online). The binding efficiency was quantified with ELISA and anti-MYC antibodies. Both CTL1 and CTL2 bound to the etiolated seedling insoluble cell wall fraction, commercial XG, and fibrous cellulose (Figure 8 ). These results indicate that CTL1 and CTL2 can bind mainly glucan-based polysaccharides (Figure 8 ). To confirm these data, we performed immunoblots including all the substrates that gave positive results in the ELISA and polysaccharides representing the other cell wall components (i.e., pectins and xylan) (see Supplemental Figure 6 online). Incubation with the CTLs corroborated binding of the proteins to glucan-based substrates (see Supplemental Figures 6B and 6C online). To verify that the nonbound substrates (e.g., pectins and xylan) were properly linked to the matrix, we incubated the membranes with specific antibodies (i.e., JIM5) (antipectin; see Supplemental Figure 6D (A) CLSM image of CTL1-GFP root cell (top part) and root cell plasmolyzed using 0.5 M Suc for 45 min (bottom part). After plasmolysis, GFP signal observed in the cell wall is indicated by arrows. (B) and (C) CTL1-GFP localized to the AWF and in the remaining material (REM). A GFP-tagged nuclear protein, N7-GFP, and actin were included as controls. (B) Percentage of protein detected in the AWF, as a percentage of total protein AWF+REM. Data represent the average (6SD) of at least n = 2 (n = 4 for CTL1-GFP) independent immunoblots. Asterisks indicate significant changes in percentage of colocalization compared with control treatment (Student's t test; *P < 0.05; **P < 0.01). Even though important amino acids for catalytic activity appear to have been changed in the CTLs (Passarinho and de Vries, 2002; Hermans et al., 2010; Hossain et al., 2010) , it is still possible that the proteins have retained catalytic activities. However, chitinase activity of recombinant CTL1 protein purified from Escherichia coli was tested in vitro with negative results (Zhong et al., 2002; Hermans et al., 2010) . Nevertheless, other hydrolytic activities cannot be ruled out. We therefore incubated the purified recombinant CTLs with the substrates that they could bind in our ELISA and immunoblot-based studies (Figure 8 ; see Supplemental Figure 6 online) (i.e., the cell wall insoluble fractions, XG, cellulose, and other glucan-based polymers) and monitored hydrolytic products using capillary electrophoresis. However, we were unable to detect any peaks resulting from hydrolytic activity using these substrates. Hence, at least when expressed in yeast, the CTLs lack hydrolytic activity against glucan-containing substrates.
Mutations in the CTLs Affect Cellulose Fibril Assembly
To determine whether the CTLs have an impact on the structure of cellulose and the total cellulose content, wide-angle x-ray diffraction was performed on the first centimeter from the lower part of 7-week-old stems of Col-0 plants and ctl1-1, ctl2-1, and ctl1 ctl2 mutants. X-ray diffraction has previously been used for Arabidopsis samples (Fujita et al., 2011) . With x-ray diffraction, information on crystallinity, crystallite size, and orientation of cellulose can be gained with very little sample preparation (Jakob et al., 1995) . We analyzed intact stems rather than fractionated cellulose as cellulose crystallinity (Hermans and Weidinger, 1949) and crystallite size (Haase et al., 1976 ) are sensitive to acid treatments. To analyze the scattering signal, the twodimensional scattering images were integrated azimuthally and radially. The azimuthal profile (intensity versus azimuthal angle w) of the (200) Bragg reflection of cellulose (indexing the reflection planes of cellulose according to Gardner and Blackwell [1974] ) gives information on the orientation of the cellulose. The radial profile (intensity versus scattering angle 2u) provides information on the structure of the cellulose. The position of the Bragg peaks originates from the structure of the cellulose crystalline unit cell, whereas the widths of the peaks are inversely proportional to crystallite size. The total scattering signal represents the sum of the scattering contributions of crystalline cellulose and of amorphous parts of the cell wall. The contribution to amorphous scattering may be caused by amorphous cellulose and also by noncellulosic amorphous cell wall components.
In the radial profile of the wild type ( Figure 9A ), two peaks were observed at scattering angles of 168 and 21.58. The peak at 21.58 can be assigned to the (200) Bragg reflection of crystalline cellulose, whereas the peak at 16.58 represents a merged peak originating from the (110) and (1-10) Bragg reflections. The width of the Bragg peaks indicates small cellulose crystallites and may explain the rather low angular resolution of the radial profile. The radial profiles of the wild type and the single mutants ctl1 and ctl2 were very similar, whereas the radial profile of the double mutant ctl1 ctl2 was different (see Supplemental Figure 7A online). In the profile of the double mutant, the different Bragg peaks can hardly be distinguished. Nevertheless, by comparing the profiles of the double mutant with those of the single mutant and the wild type, two important conclusions can be made: (1) The larger scattering contribution in the profile of the double mutant, which leads to the masking of the Bragg peaks, occurred within a range of 2u where no significant Bragg peak of cellulose exists. In this range of 2u, the maximum scattering contribution of amorphous cellulose can be observed (Paakkari et al., 1989) . (2) The slopes of the (200) Bragg peak at 21.58 do not differ between the wild type and the double mutant, which indicates that the mutation did not result in a change in crystallite size. Hence, it can be stated qualitatively from these observations that the double mutant showed an increased scattering contribution of amorphous cell wall components, while the crystallite size of the cellulose was not altered.
To quantify the crystallite size and the ratio of crystalline components to total cell wall components in the wild type and the mutants, Debye function analysis (DFA) was applied to the radial profiles. For the wild type and the double mutant, a crystallite size of 2.46 6 0.11 nm and 2.46 6 0.31 nm was obtained, respectively (see Supplemental Figure 7C online; crystallite size). The crystalline cellulose content was calculated to be 22.7% 6 3.8% for the wild type and 11.6% 6 1.1% for the double mutant ctl1 ctl2 ( Figures 9A to 9C ). These results are in line with the interpretation of the observed differences in the scattering profiles of the wild type and the double mutant. The total cellulose content was also reduced in cell walls of ctl1 ctl2 stems ( Figure 9D ), which could contribute to the reduced crystalline cellulose content. To test whether this was the case, we quantified the total amount of cellulose in the samples that were used for the x-ray analysis. The total cellulose content was reduced by ;30% and the crystalline cellulose content was reduced by ;50% in the ctl1 ctl2 double mutant compared with the wild type ( Figures 9C and 9D) . Hence, these data suggest that the reduction in crystalline cellulose content in the ctl1 ctl2 mutant can only partly be explained by the reduction in total cellulose content.
Contrary to the alterations in crystalline cellulose content, the analysis of the azimuthal profiles of all samples indicated no changes in the orientation of cellulose fibrils in the ctl1-1, ctl2-1, and ctl1 ctl2 mutants compared with the wild type (see Supplemental Figure 7B online).
To determine whether this alteration in cellulose fibril structure is specific for plants impaired in CTL activity, similar analyses were performed for the secondary CESA mutant, irx1, which presumably completely lacks secondary wall cellulose (Turner and Somerville, 1997) . irx1 (Landsberg erecta background) showed a significant reduction in crystalline cellulose content compared with the wild type ( Figure 9E ; see Supplemental Figure  7D online). Indeed, the crystallinity was so low that little orientation could be observed in the azimuthal profile (see Supplemental Figure 7E online). Interestingly, a proportional decrease in total cellulose was previously reported for this mutant (;60%; Turner and Somerville, 1997) , indicating that the lower crystalline cellulose content quantified in irx1 could be a direct consequence of its reduction in cellulose content.
The obtained data indicate that the cellulose structure in the ctl1 ctl2 mutant is distinguishable from that in other cellulosedeficient mutants and the wild type and support an influence of the CTLs on the assembly of cellulose microfibrils. CTL1 and CTL2 binding activity toward substrates with relative absorbance >3 and three selected substrates with relative absorbance <3 (for complete list, see Supplemental Table 2 online). Relative absorbance units were calculated by the ratio of the (control-subtracted) absolute measured absorbance at 450 nm and normalized with respect to the concentration of protein used for each replicate (in mg/mL). IF_A.t., insoluble fraction of Arabidopsis cell wall; 4MKOH_A.t., 4 M KOH fraction of Arabidopsis cell wall; celluloseFL, cellulose, fibrous, long; RG, rhamnogalacturonan; AGP_A.t., arabinogalactanproteins from Arabidopsis. Data represents the average (6SE) of n = 3 independent ELISA replicates.
Mutations in CTLs Affect the Extractability of Hemicelluloses
The results obtained from the ELISA assay suggest that CTL1 and CTL2 can bind glucan-based polysaccharides (Figure 8 ) (i.e., cellulose and XG). To evaluate if alterations in the XG polymers also occurred in the ctl1 mutants, cell walls of 6-d-old etiolated wild-type and ctl1-1 seedlings were treated with a xyloglucan endoglucanase (XEG; Pauly et al., 1999b) . This enzyme cleaves the XG backbone behind nonsubstituted Glc residues with respect to the nonreducing end and releases mainly heptasaccharide XXXG to decasaccharide XLFG fragments (Fry et al., 1993) . The treatment resulted in a significant relative increase of the peak at 1247 mass-to-charge ratio (m/z) in ctl1-1 compared with wild-type cell wall material (see Supplemental Figures 8A to 8C online) . This peak corresponds to the sodium adduct of isomeric galactosylated XG fragments containing three unsubstituted xylose branches and one galactosyl-substituted xylose branch (such as XXLG/ XLXG; Lerouxel et al., 2002) . The increase in the 1247 peak simultaneously resulted in a relative decrease in the peaks 1393 and 1555 m/z (see Supplemental Figures 8A to 8C online). These peaks correspond to the fucosylated units XXFG and XLFG, respectively. In addition, we observed a small but significant reduction in the 1085 peak, characteristic of XXXG units, in the ctl1-1 mutant (see Supplemental Figure 8C online). It is therefore apparent that either the ratio of galactosylated and fucosylated XG side chains is changed, or the accessibility of the enzymes to the XG polymer is altered, in ctl1-1. Interestingly, a similar XEG digestion pattern was observed in wild-type plants grown on isoxaben (see Supplemental Figures 8D to 8F online) , which supports the hypothesis that the accessibility of XEG to the XG is altered when cellulose synthesis is impaired.
Complex signaling and feedback events occur between the cell wall and the cytosol that lead to redistribution of carbon between various wall polymers (Haigler et al., 2001 ; see Supplemental Figure  6D online). Therefore, we quantified how the ctl mutations affected cell wall polysaccharides by analyzing fractionated cell walls of 7-week-old plant stems. Comparative analyses of alditol acetates showed that ctl mutants, especially the double mutant ctl1 ctl2, had higher xylose, galactose, and arabinose levels and lower glucose (A) and (B) Final best fit for wild-type (WT) (A) and ctl1 ctl2 double mutant (B) radial profiles, obtained by the DFA approach. Obs (observed), x-ray diffraction data (red for the wild type and green for ctl1 ctl2); Cal (calculated), simulated pattern (black); Cryst, crystalline contribution (blue); BG, background (gray). (C) and (E) Percentage of crystalline cellulose content calculated for the ctl1 ctl2 double mutant, irx1 plants, and the corresponding wild-type controls (Col-0 and Landsberg erecta [L-er], respectively). (D) Total cellulose contents (mg/mg alcohol-insoluble residue [AIR]) in the same samples of wild-type and ctl1 ctl2 stems used for x-ray measurement. In (C) to (E), data represent the average (6SE) of n = 5 biological replicates. Asterisks indicate significant changes in relative peak intensities (Student's t test; P < 0.01). levels after trifluoroacetic acid (TFA) treatment of the residue in the insoluble fraction (Table 1) . Most of these sugars are typical components of hemicelluloses. Since TFA treatment dissolves only the noncrystalline polysaccharides (Selvendran and O'Neill, 1987; Kakegawa et al., 1998) , and based on the cellulose-hemicellulose interaction model suggested by Pauly et al. (1999a) , the insoluble fraction might be enriched in hemicelluloses entrapped in the amorphous cellulose (Hayashi et al., 1994; Cosgrove, 2005) . This result suggests an altered extractability of hemicelluloses in the ctl mutants or an enrichment of these polysaccharides in the noncrystalline cellulose.
DISCUSSION
Plant cell walls are highly organized networks of extended polysaccharides, proteins, and aromatic compounds . Cellulose microfibrils, cross-linked by hemicelluloses, represent the main scaffolding elements in this matrix, creating a strong but flexible polysaccharide framework (Cosgrove, 2005) . However, many questions regarding cellulose synthesis and its interactions with other cell wall glycans remain unresolved. In this work, we describe the role of CTL1 and CTL2 in cellulose biosynthesis. We propose that the CTLs influence the cellulose assembly and that they are involved in cross-linking of glucan-based polysaccharides (i.e., cellulose and hemicelluloses).
Several lines of evidence, including coexpression, phenotypic resemblance, and reduced cellulose content, have suggested a functional link between the cell wall CESAs and the CTLs (Hauser et al., 1995; Zhong et al., 2002; Mouille et al., 2003; Zhang et al., 2004) . Using live-cell imaging, we found that mutations in CTL1 reduced the velocities of the primary wall CSCs (Figure 1 ; see Supplemental Movie 1 online), indicative of reduced cellulose deposition in the mutant cell walls ( Figure 1D ). However, if the CTL1 is necessary for cellulose production in the primary cell wall, we would anticipate that complete removal of its activity would lead to pollen lethality (Persson et al., 2007b) . CTL1 has only one close homolog in Arabidopsis, CTL2, and it is therefore plausible that the latter could execute CTL-related functions in the absence of CTL1. Indeed, the complementation of the ctl1 mutant by CTL2 under the CTL1 promoter showed that CTL1 and CTL2 are functionally equivalent (Figure 7) . Thus, it is likely that CTL2, at least partially, could take over the role of CTL1 in the ctl1 plants, although CTL2 expression levels do not increase in ctl1 mutants compared with the wild type ( Figure 7B ). Generation of ctl1 ctl2 double mutants should in theory abolish CTL activity in the plant and therefore also remove CTL function during cellulose production. However, although the double mutant displayed additive phenotypes, for example, reduced crystalline cellulose content in stems ( Figure 9 , Table 1 ; see Supplemental Figure 5 online), it was viable and fertile. These data suggest that the function of CTL1 and CTL2 is not essential for cellulose synthesis per se, but rather that they may work in conjunction with the primary and secondary CSC, respectively, to contribute to the cellulose structure. CTL1 localized to Golgi-derived bodies (Figure 2A ; see Supplemental Movie 3 online) and in a heterogeneous population of vesicles, CTL1v, that move along the actin cytoskeleton (Figures 2B to 2H; see Supplemental Movies 2 to 4 online). The behavior of these vesicles resembled a population of small CESAcontaining vesicles (Crowell et al., 2009; Gutierrez et al., 2009) . Indeed, visualization of the CTL1 together with a fluorescently labeled CESA6 showed an interesting colocalization pattern of the unknown vesicles, a pattern that was enhanced upon stress treatment (Figure 6 ; see Supplemental Movie 6 online). While we could not determine the exact identity of these vesicles, we can discard the endocytic nature of CTL1v based on the FM4-64 staining behavior of CTL1v ( Figure 5A ; see Supplemental Movie 5 online). In addition, CTL1:GFP was also visible and immunodetected in the cell wall, confirming secretion of the protein to the apoplast and cell wall (Figure 4) .
ELISA and immunoblot assays of heterologously expressed CTL1 and CTL2 revealed that the proteins bind commercial glucan-based substrates and the cellulose-and XG-enriched fractions (insoluble and 4 M KOH fractions, respectively) of Arabidopsis etiolated cell walls (Figures 8; see Supplemental Figure 6 online). However, we could not detect any in vitro hydrolytic activity for the CTLs. One explanation could be that the CTLs modify glucan-based polysaccharide precursors. If this is the case, the CTLs could cut certain branches that are necessary for the production of the oligomers. This hypothesis is supported by the large amount of CTL1 in the endomembrane system ( Figures 3A and 4A ) and may explain why we could not detect any hydrolytic activity of cell wall-related substrates. Given that CTLs bind to glucan-based polymers, the CTLs could modify XGs during trafficking to the cell wall. Such activity could alter the XG structure and, perhaps, their ability to interact with cellulose in the apoplast. We did observe structural changes of the XG in the ctl1 mutant after cell wall digestion with XEG (see Supplemental Figures 8A to 8C online) . However, the alterations shown in the relative peak area followed the same XEG hydrolytic pattern as those observed in seedlings grown on the cellulose inhibitor isoxaben (see Supplemental Figures 8C and 8F online) . Therefore, this indicates that the alteration of the XEG digestion patterns in the ctl1 mutant probably is due to modifications of the cellulose. In addition, CTL2 appears to be present during secondary wall synthesis. Since the major hemicellulose in the secondary wall is xylan, which has a xylose-based backbone and is not recognized by CTLs in the in vitro assay (Figure 8 ; see Supplemental Figure 6 online), we again find it unlikely that the CTLs act on the XGs and favor a functionality associated with cellulose. Such a scenario is further corroborated by the tight coexpression of CESAs and CTLs in Poaceae species (see Supplemental Table 1 online), which largely lack XGs (Sarkar et al., 2009) .
A more plausible scenario is that the CTLs bind to emerging cellulose microfibrils in the apoplast. The CTLs could then affect either the crystallinity of the cellulose microfibrils or the association of hemicelluloses with amorphous regions. The latter could in turn also affect structural features of the cellulose. Consequently, the hemicellulose-cellulose network domains might change, and this may alter the ability of, for example, the XEG to digest XGs. In this case, the high amount of CTL1 observed in cytoplasmic compartments may signify a high rate of synthesis and recycling of the proteins, similar to what is observed for the primary wall CESAs. CTL activity would then be likely to affect the crystalline cellulose content and the cellulose-hemicellulose interaction. In fact, we did observe a significant reduction in the crystalline cellulose content in the ctl double mutants (Figure 9 ). Previous in vitro results have shown that a decrease in cellulose crystallinity causes an increase in XG binding capacity to the cellulose (Chambat et al., 2005) . Consistent with this and with the cellulose-hemicellulose interaction model suggested by Pauly et al. (1999a) , we observed a greater degree of hemicellulose-related sugars in the insoluble cell wall fraction in the ctl1 ctl2 mutant (Table 1) . Whereas we did not observe any changes in the x-ray pattern of the ctl1 or ctl2 single mutant cell walls compared with the wild type (see Supplemental Figure 7A online), it is important to note that the method most likely is unable to detect small changes in crystalline cellulose content. Thus, although each ctl mutation may contribute to the reduction in fibril assembly, only impairment of both proteins may result in a strong enough effect to be detected by x-ray diffraction. Consistent with this, the biochemical analyses showed that the composition of ctl1 and ctl2 cell walls appears to be intermediate to the wild type and the double mutant (see Supplemental Figure 7 online; Table 1 ).
Biophysical models indicate that the microfibril polymerization and crystallization might drive the movement of the CSCs in the plasma membrane (Diotallevi and Mulder, 2007) . Thus, impairment of cellulose fibril assembly could alter the speed of CSCs, which may explain the reduced CESA6 velocities observed in ctl1-1 (Figure 1 ). Similar retardation in the CSC movement in the plasma membrane was observed in a kor1 mutant (Paredez et al., 2008) . Interestingly, KOR1 also plays a role in cellulose crystallinity, presumably by increasing the amount of amorphous cellulose (Takahashi et al., 2009) . Both kor1 and ctl1 show dramatically reduced cellulose synthesis activity compared with the wild type as quantified by the relative incorporation of 14 CGluc into the cellulosic fractions (Mouille et al., 2003) . Perhaps CTL1 and KOR1 work in conjunction during cellulose synthesis to proofread the assembly of the cellulose microfibrils. In addition, mutations in both KOR1 and in CTL1 caused microtubule disorganization, presumably through a feedback mechanism between the CSC and the microtubules (Paredez et al., 2008) .
In conclusion, we propose that the CTLs can bind to glucan chains, presumably to emerging cellulose microfibrils, and that these interactions affect the cellulose microfibril polymerization, which in turn modulates interactions between the cellulose and hemicelluloses.
METHODS
Plant Material and Genetic Analysis
Arabidopsis thaliana plants were grown as described by Persson et al. (2005) . For confocal microscopy, plants were grown as described by Gutierrez et al. (2009) . Insertion lines for ctl1-1 (At1g05850; SALK_093049) and ctl2-1 (At3g16920; SALK_055713) were obtained from the ABRC (https://abrc.osu.edu/resources; Alonso et al., 2003) . Primers used for PCR to obtain homozygous insertion lines are listed in Supplemental Table  3 online. The irx1 mutant (Turner and Somerville, 1997) and prc1-1 mutant (Fagard et al., 2000) were previously described. The pom1-9 mutant line was obtained in the lab of M.-T.H. pCESAs:GUS (Persson et al., 2007a) , pCESA6: YFP:CESA6 (Paredez et al., 2006) , GFP:MAP4 (Marc et al., 1998) , N7-GFP, and VHA-a1:mRFP lines (Dettmer et al., 2006) were previously described.
The PCESA6:tdTomato:CESA6 (Sampathkumar et al., 2012) line was kindly provided by R. Gutierrez (Carnegie Institution for Science, Stanford, CA).
Constructs
A genomic DNA fragment extending 1.4 kb upstream of the ATG starting codon for CTL1 was amplified (see Supplemental Table 3 online) and inserted using HindIII and NcoI in front of the GUS gene of the pCAMBIA1305:GUS-Plus vector (http://www.cambia.org/daisy/cambia/ 585.html), generating pCTL1:GUS. The construct was transformed into wild-type plants by Agrobacterium tumefaciens-mediated transformation. Transgenic plants were selected on hygromycin and used for GUS reporter analyses.
For the CTL1/POM1:GFP construct, a genomic fragment of the accession Col was amplified with primers harboring a NcoI site (see Supplemental Table 3 online) and inserted in front of the GFP gene with the NcoI site of the pGreenII0029:35S:GFP_RL vector (Hellens et al., 2000) . The construct was transformed into pom1-9, which has a nonsense mutation leading to a stop at amino acid 69. Kanamycin was used for selection and segregation analysis for single insertions lines that were further characterized for complementation and microscopy analyses.
An mCherry clone was amplified from the PGWB2CHE vector as template (see Supplemental Table 3 online), which was a kind gift from Thierry Desprez (Institut National de la Recherche Agronomique, Centre de Versailles, Grignon, France). The amplified fragment was digested using BamHI and SpeI and ligated into the pCAMBIA1390 vector (Hajdukiewicz et al., 1994 ; http://www.cambia.org/daisy/cambia/585. html), resulting in the vector pCAMBIA1390:mCherry. A CTL1 genomic clone including the complete coding region and 1.4 kb upstream of the ATG start codon was amplified from genomic wild-type DNA with primers harboring a SalI and a BamHI restriction site, respectively (see Supplemental Table 3 online). After digestion with those enzymes, the fragment was ligated either into pCAMBIA1390, generating pCAMBIA1390:CTL1, or into pCAMBIA1390:mCherry, generating pCAMBIA1390:CTL1:mCherry. The constructs were transformed into ctl1-1 plants and selected on hygromycin.
For the mCherry:FABD construct, mCherry was amplified from mCherry:TUA5 (Gutierrez et al., 2009 ) using primers containing KpnI and AscI restriction sites (see Supplemental Table 3 online). The PCR product was digested, purified, and cloned into pMDC43 (Curtis and Grossniklaus, 2003) previously digested with the same enzymes. FABD was amplified from pCBGFP:ABD (Ketelaar et al., 2004) using primers containing Gateway recombination sequences (see Supplemental Table  3 online) and recombined into pDONR221 (http://products.invitrogen. com/ivgn/product/12536017). The mCherry:FABD plasmid was generated by a Gateway LR reaction. The construct was transformed into wildtype plants by Agrobacterium-mediated transformation.
For the pCTL1:CTL2 construct, a genomic CTL2 clone was generated from wild-type DNA (see Supplemental Table 3 online) digested with BspHI and MluI and ligated into the pCTL1:GUS vector previously digested with NcoI (BspHI compatible) and MluI. The construct was transformed into ctl1-1 plants by Agrobacterium-mediated transformation.
For the constructs used for heterologous expression in yeast, the CTL1 and CTL2 cDNAs were cloned from mRNAs extracted from Arabidopsis leaf and stem material using a one-step RT-PCR kit (see Supplemental  Table 3 online). The products were digested with PmlI and XbaI and cloned into pPICZaC (Invitrogen).
Drug Treatments
Seedlings were immersed in 2 mL of water containing different drugs or sugars in 12-well cell culture plates in darkness and were subsequently imaged as described by Gutierrez et al. (2009) . For testing the stress response to isoxaben (Dr. Ehrenstorfer GmbH) and oryzalin (Dr. Ehrenstorfer GmbH), the seeds were directly germinated on plates containing 2 nM isoxaben or 170 nM oryzalin, respectively.
Microscopy
Light microscopy was performed using a Leica stereomicroscope (Leica MZ12.5 and Leica DFC420 digital camera). Seedlings expressing GFP: MAP4, Fimbrin:GFP, mCherry:TUA5, CTL1:GFP, CTL1:mCherry, and duallabeled lines of CTL1:GFP and tdTomato:CESA6, VHA-a1:mRFP, or mCherry:FABD were grown and mounted as described by Gutierrez et al. (2009) and imaged on a confocal microscope equipped with a Yokogawa spinning disc head fitted to a Nikon Ti-E inverted microscope and mounted on the microscope stage as described by Gutierrez et al. (2009) Environmental scanning electron microscopy was performed as described by Persson et al. (2007a) .
All images were processed using ImageJ software (W.S. Rasband, National Institutes of Health). Background correction was performed using the "subtract background" tool (rolling ball radius 30 to 50 pixels), and StackReg was used to correct for focus drifts. YFP:CESA6 particle dynamics and velocities were measured as by Paredez et al. (2006) .
Expression of CTL1 and CTL2
The expression of CTL1 in different organs and tissues was studied using the GUS reporter gene of PCTL1:GUS transgenic plants in GUS staining solution and observed as described by Persson et al. (2007b) .
Quantitative RT-PCR were performed using primers in Supplemental Table 3 online. The expression of the GAPDH gene was used as a cDNA synthesis control (GAPDH_600b and GAPDH_3end) and as amplification control (GAPDH_3end). Gene expression analysis was determined as described by Czechowski et al. (2005) 
CTL1 Apoplastic Quantification
The secretion of CTL1 to the apoplast was confirmed adapting the method already published (Rico and Preston, 2008) . To harvest the AWF, 16-d-old seedlings cultivated on Murashige and Skoog 2.5 were infiltrated with distilled water. After carefully drying the surface, the seedlings were centrifuged for 5 min, 48C, 800g. For the remaining plant material fraction (REM), proteins were extracted with buffer (25 mM potassium phosphate buffer, pH 7.5, 1 mM EDTA, 1 mM DTT, 5 mM phenylmethylsulfonyl fluoride, and 13 plant proteinase inhibitor mix) from the infiltrated seedlings. Protein concentrations were quantified according to the manufacturer's protocol of the Qubit protein assay system (Invitrogen). Equal amounts of AWF and REM proteins were resolved on homemade 10% SDS-polyacrylamide gels and transferred to 0.45 mm polyvinylidene fluoride membranes in a tank blotting apparatus (Bio-Rad) using a 50 mM Tris, 50 mM boric acid buffer, pH 8.3, at 30 V, 48C, overnight. Membranes were blocked in 5% nonfat milk in TBS-T (20 mM Tris-HCl, pH 7.6, and 137 mM NaCl) for 60 min. The GFPlabeled proteins were detected with 1:2000 mouse a-GFP primary antibody (Roche) in TBS-T for 60 min at room temperature. After three washes with TBS-T for 10 min each, the membranes were incubated with 1:10,000 goat a-mouse IgG horseradish peroxidase-conjugated secondary antibody (Pierce) in TBS-T for 60 min. After repetition of the washing steps, RotiLumin (Carl Roth) was used for chemiluminescent detection in a ChemiDoc XRS molecular imager (Bio-Rad). Membranes were stripped using RotiFree ready-to-use stripping buffer (Carl Roth) and used to detect actin with 1:1000 mouse a-actin primary antibody (Affinity Bioreagents) following the same procedure as above. Immunoblot signals were quantified with the Quantity One software (Bio-Rad).
Cell Wall Biochemical Analyses
Cell wall monosaccharides were assayed after hydrolysis with 2 M TFA as alditol acetate derivatives (Neumetzler, 2010 ) using a modified protocol from Albersheim et al. (1967) by gas chromatography performed on an Agilent 6890N GC system coupled with an Agilent 5973N mass selective detector. Myo-Inositol was added as an internal standard. Cellulose was determined on the fraction resistant to extraction with 2 M TFA by Seaman hydrolysis (Selvendran and O'Neill, 1987) using Glc equivalents as standard. The hexose content was determined with the anthrone assay (Dische, 1962) . Uronic acids were colorimetrically quantified using the soluble 2 M TFA fraction using 2-hydroxydiphenyl as reagent (Vilím, 1985) using galacturonic acid as standard (Filisetti-Cozzi and Carpita, 1991) . Statistical significance was determined using Student's t test.
Matrix-Assisted Laser Desorption Ionization Time-of-Flight
Crude cell wall material from 6-d-old etiolated seedlings of the mutant and wild type was treated with a xyloglucanendohydrolase (0.02 units; Pauly et al., 1999b) as described by Neumetzler (2010) via matrix-assisted laser desorption ionization-time-of-flight mass spectrometry . The analysis was performed with a Voyager DE-Pro matrixassisted laser desorption ionization-time-of-flight instrument (Applied Biosystems) using the positive reflectron mode with an acceleration voltage of 20 kV and a delay time of 350 ns. For the downstream data analysis, the relative peak areas of the spectra from a control and a sample set were compared in a pairwise fashion. Alterations were proven for statistical significance using Student's t test.
X-Ray Diffraction Analysis
Arabidopsis stems were washed in chloroform for ;5 s to remove cuticular waxes that would cause strong Bragg peaks superimposing the cellulose peaks. The stems were then dried at 608C for 36 h. The first centimeter from the rosette was used for the analysis.
Wide-angle x-ray diffraction experiments were performed on a Nanostar instrument (Bruker AXS) using CuKa radiation with a wavelength l = 0.154 nm. The samples (n = 5) were placed in vacuum at a sample detector distance of 5 cm, and two-dimensional scattering patterns were collected in with a position sensitive area detector (HiStar) and exposure times of 60 min.
The two-dimensional scattering images were integrated azimuthally to obtain radial intensity profiles for structural analysis of cellulose regarding crystallite size and crystalline cellulose content. Prior to the structural analysis, a texture correction was applied to the radial profiles to account for the cylindrical geometry of the cellulose microfibril. Structural analysis was performed by DFA using Debussy software (Cervellino et al., 2010) . This software creates sampled interatomic distance databases based on the atomic positions in the cellulose crystal lattice as given by Nishiyama et al. (2003) . With these databases, radial profiles can be simulated. By varying structural parameters, such as size distribution of the cellulose crystallites and contribution of diffuse background scattering, the measured radial profile is fitted. Radial integration within the 2u range of the (200) Bragg peak of cellulose led to azimuthal intensity profiles that gave information on cellulose orientation.
Protein Expression
Pichia pastoris cells were grown in 50 mL BMGY (buffered minimal glycerol complex medium) in a 250-mL flask in an orbital shaker (200 rpm) at 298C for 36 h, and cells were diluted with 500 mL of MMY (minimal methanol complex medium) and incubated for 3 d in a 2.8-liter flask with daily addition of 3 mL of methanol (Bauer et al., 2005) . The suspension was centrifuged (10 min, 5000g), and the pH of the supernatant was adjusted to pH 7.5 to 7.8 and filtered (0.22 mm polyethersulfone). After addition of 5 mL of nickel-NTA agarose (Qiagen), the suspension was stirred overnight at 48C on a magnetic stirrer. The resin was collected by centrifugation (5 min, 5000g) and transferred into a glass column and washed with 3 3 5 mL of buffer A (500 mM NaCl and 20 mM Tris-Cl, pH 7.9) containing 20 mM imidazole. The enzyme was eluted with 3 3 5 mL of 250 mM imidazole in buffer A, pH 7.9. The eluate was concentrated in centrifugal units (Amicon; 10 kD cutoff) and repeatedly washed with water (4000g, 48C) to remove imidazole. Protein content was measured using a Nanodrop spectrophotometer (NanoDrop ND-800; Thermo Scientific), and A 280 was calculated into concentration in milligrams/milliliter.
ELISA
Substrates (see Supplemental Table 2 online; each 50 mg/mL in 50 mM sodium carbonate, pH 9.6) were incubated (100 mL/per well) overnight with moderate agitation (100 rpm) in 96-well EIA/RIA flat-well high binding plates (Costar). For the blanks, only sodium carbonate solution was used. All substrates and the blanks were run in duplicate. Substrate and blank solutions were replaced with 300 mL 5% milk (fat-free, in TBS [10 mM TrisCl, 150 mM NaCl, pH 7.4, containing 0.1% Tween 20]) and incubated for 6 h with moderate agitation (100 rpm). The solutions were removed, and the wells were washed with TBS. For assays and enzyme blanks, 100 mL protein in 5% milk was used per well. For substrate blanks, only 100 mL of 5% milk were used. After an overnight incubation at 48C with moderate agitation (100 rpm), wells were washed extensively with TBS and incubated overnight at 48C with rabbit anti-c-myc antibody (Sigma-Aldrich) in 5% milk, extensively washed again with TBS, and incubated overnight at 48C with ImmunoPure goat anti-rabbit secondary antibody fused to horseradish peroxidase (rabbit IgG [H+L] ; Thermo Scientific) in 5% milk and washed extensively with TBS. Wells were incubated with 150 mL tetramethylbenzidine (Sigma-Aldrich), and the absorbance at 450 nm (after stopping the reaction by adding of 35 mL 2 N sulfuric acid after 30 min) was read using a plate reader (Paradigm Detection Platform; Beckman Coulter). All commercial substrates were from Sigma-Aldrich except rye arabinoxylan, galactan (lupin), XG (tamarind), rhamnogalacturonan I (from potato [Solanum tuberosum]), rhamnogalacturonan I (from soybean [Glycine max]), pectic galactan (lupin), and isoprimeverose, which were purchased from Megazyme.
Carbohydrate Microarrays
Cadoxen was prepared as described in Fry (1988) . Substrate stock solutions were prepared at a concentration of 1 mg/mL in Dulbecco's PBS buffer (pectin esterified from citrus, pectin from apple [Malus domestica], soybean rhamnogalacturonan, xylan from birchwood, XG, lichenan, chitosan medium molecular weight, chitin from crab shells, and carboxymethyl cellulose) or Cadoxen (cellulose fibrous long, Sigmacell cellulose type 20, avicel PH-101, 4 M KOH fraction plant cell wall, and insoluble fraction plant cell wall) and diluted to 0.5 mg/mL and 0.1 mg/mL with PBS. One microliter of each diluted solution was spotted in duplicate on a nitrocellulose membrane (Protran; Whatman). Membranes were incubated at room temperature in 5% milk for 1 h and then incubated with antibodies (LM5 [1:50], LM11 [1:20], or JIM5 [1:50]; all obtained from Paul Knox's lab; http://www.plantprobes.net/; Jones et al., 1997; Clausen et al., 2003; McCartney et al., 2005) for 2 h at room temperature or with CTL1 (0.007 mg/mL) or CTL2 (0.011 mg/mL) in 5% milk at 48C overnight. After extensive washing with TBS, membranes were incubated with antirat IgG peroxidase produced in rabbit (Sigma-Aldrich) for LM5 and JIM5 or peroxidase-conjugated AffiniPure goat anti-rat IgG (H+L) for LM11 or successive rabbit anti-c-myc (Sigma-Aldrich) and ImmunoPure goat antirabbit secondary antibody fused to horseradish peroxidase (rabbit IgG [H+L]; Thermo Scientific) for CTL1 and CTL2 at room temperature each for 2 h and then incubated with SuperSignal West Pico Chemiluminescence solutions (Pierce). Chemiluminescence was measured using an LAS-4000 device (Fujifilm)
Capillary Electrophoresis
Mixtures containing 50 mL acetate buffer (100 mM, pH 5.5), 30 mL substrate (1 mg/mL), and 20 mL protein solution (10 mg/mL) were incubated at 378C overnight. For substrate blank, the protein solution was replaced by 20 mL of water. The mixture was centrifuged (10 min, 16,000g), and 50 mL of the supernatant was evaporated (speed-vac, 608C). The residue was resuspended in 2 mL of 8-aminopyrene, 1,3,6-trisulfonic acid (100 mM in 15% acetic acid), and 5 mL of sodium cyanoborohydride (NaBH 3 CN, 1 M in dimethylsulfoxide) and kept at 658C. After 1 h, 50 mL of water was added, and 20 mL of the mixture was diluted with 180 mL of water and analyzed using capillary electrophoresis (PA800; Beckman Coulter) equipped with a 30-cm eCap capillary (75 mm i.d., 375 mm o.d.; Beckman Coulter) and laser detection (488 nm excitation, 520 nm emission) at 258C and an applied voltage of 25 kV using carbohydrate separation buffer (Beckman Coulter).
Accession Numbers
Sequence data from this article can be found in the Arabidopsis Genome Initiative or GenBank/EMBL databases under the following accession numbers: CTL1 (At1g05850), ctl1-1 (SALK_093049), CTL2 (At3g16920), ctl2-1 (SALK_055713), irx1 (At4g18780; Turner and Somerville, 1997) , and prc1-1 (At5g64740; Fagard et al., 2000) . All the fluorescence-labeled lines included were obtained from the corresponding references indicated.
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